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1. INTRODUCTION 

Because of the scarcity of fossil fuels and the effects of climate change, renewable energy is becoming 
increasingly attractive. Solar energy is a pollution-free system with lower maintenance costs distributed all 
over the earth [1]. The PV source's main disadvantage is not working during cloudy days or nighttime [2]. 
Also, the PV system does not work properly with having partially shaded modules, and PSC generates several 
MPPs in the P-V curve [3], [4]. To achieve high operational points, the output voltage of the PV system must 
be continuously adjusted to match changing atmospheric conditions, ensuring that power generated is 
constantly at its maximum value [5], [6]. Maximum power production can be reached in a photovoltaic system 
by modifying the operating point of the arrays for specific conditions. The main disadvantages of solar PV 
systems are that their power output is mainly dependent on climatic factors such as sunshine and climate 
temperature, both of which have nonlinear P-I and V-I characteristics [7]. As a result, PV systems have low 
efficiency, and it is not possible to effectively use solar energy in varied conditions [8], [9]. Figure 1 shows the 
different possible MPPs of the system by changing the sun radiation, ambient temperature, and PSCs. 

Several types of researche have been done to increase the output solar power by using intelligent 
algorithms. The authors of [10] examine the Futoshiki puzzle model under PSCs, which increases output power 
by changing the place of panels without altering the modules' electrical connections. In [11], a global MPPT 
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(GMPPT) algorithm is investigated by utilizing an artificial bee colony (ABC) to generate the best duty cycles 
from each substring. The suggested method allows for a considerable decrease in the number of voltage and 
current sensors. The authors of [12] proposed an MPPT based on artificial bee colonies. The designed algorithm 
produces a simple and resilient MPPT scheme that demonstrates excellent performance. In [13], the author 
examines a buck/boost converter for a DMPPT system that can get suitable output under different conditions. 

The aim of this paper is to increase power production by using the DMPPT alongside with intelligent 
tracking technique. DMPPT topology, in which each PV module is connected to the energy system via 
independent MPPT converters, maximizes the capacity of the photovoltaic module and also increases 
efficiency. Furthermore, there are different basic and optimized MPPT algorithms in PV systems to attain 
maximum power, such as P&O, incremental conductance (IC), and so on [14]-[18]. In this paper, P&O and 
fuzzy logic control (FLC) methods are being studied. However, because of the output power oscillations around 
the operating point of the P&O method and the lowest speed of the FLC method, an optimized fuzzy/bee 
algorithm is used, which decreases the output power oscillation and also increases the speed of finding MPPs. 
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Figure 1. Different maximum power points 


2. SOLAR PV DESIGN 

Because PV power production is influenced by different sun radiation and weathers, therefore output 
power fluctuates [19]. In order to construct an appropriate solar system, cell temperature and solar irradiation, 
as well as information on the system's composition, such as rated power, number of panels, and so on, are 
necessary [20]. 


2.1. Solar cell circuit 
Figure 2 depicts a solar cell's one-diode equivalent circuit. Solar panels, of course, are made up of a 
succession of solar cells arranged in a parallel pattern. 


Figure 2. An equivalent model of a one diode cell 


In Figure 2, the I-V characteristic of the cell is stated using (1). By using (1), the output current of the PV 
system will be defined. 
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Where R, and Rg; are the series and parallel resistance of the solar cell, V and I are the voltage and 
the output current, Iç is the diode’s saturation current, Np and Ng are the numbers of parallel and series cells, 
T is the cell temperature in terms of Kelvin, and A is the ideal coefficient for diode, K is Boltzmann's constant 
which is equal to K = 1.23 x 107? and q = 1.6 x 1077? is the charge of an electron in units of coulomb (C), 
and Ísų is the photovoltaic current [21]. 


2.2. Characteristic of the solar module 


The characteristics of a PV panel that is used are indicated in Table 1. Each panel in the PV system 
has 96 cells connected in series. 


Table 1. Features of the PV module under STC condition 


Cells per module 96 Tilt angle 25°C 

Operation temperature -40°C to +85°C Latitude 33.60°C 

modules 144 Longitude 101.89°C 

Efficiency 18.71 % Azimuth 180°C south 

Rated DC power 305.22 w Frame Class 1 black anodized aluminum 
Voltage V(OC) 64.20 V Weight 20.6 kg 

Current I (SC) 5.96 A Size 41.2 in * 61.3 in 

Maximum MPP current 5.58A Type of module Monocrystalline 

Maximum MPP voltage 54.68 V Mounting system Fixed rack 


The system reported in this study has a rated DC power per module of 305.22 watts, a Voc of 64.2 
volts, and an Isc of 5.96 amperes. Then, in Table 1, all of the required parameters are listed, including Rated 
power, Isc, Voc, Vmr, and Impr. In Table 2, the PV cell’s parameters which are significantly temperature- 
dependent, are listed below for 0° C, 25° C, and 50° C. Then, the operating points of the I-V characteristic 
curves could be calculated. 


Table 2. Cell’s parameters in different temperature 


0°C 25°C 50°C 
DC power Ppc 331.30 W 305.22W 279.01 W 
Light-generated current I, 5.95 A 5.96 A 5.98 A 
Short-circuit current Isc 5.94 V 5.96 A 5.97 A 
Open-circuit voltage Voc 68.49 V 64.20 V 59.85 V 


Voltage at maximum power point Vmp 59.24 V 54.68 V 50.15 V 
Current at maximum power point Imp 5.59 A 5.58 A 5.56 A 
Efficiency 20.31% 18.71% 17.11% 


Also, according to the Figure 3, the P-V and I-V curves for the different temperature has been plotted 
in MATLAB. Based on Figure 3, by increasing the temperature, the generated power decreases. Therefore, 0° 
C has the highest power, production and the temperature of 50° C has the lower power production. 
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Figure 3. I-V and P-V curve of 0°C, 25°C, and 50°C 
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3. CONTROLLER DESIGN 

The optimum converter must be chosen to transfer the highest amount of power from the solar cell to 
the output load. Then, a buck-boost dc-dc (BBDC) converter may match the required voltage in the subsystem 
load to change the output voltage of the solar cells [22], [23]. As a result, it appears that a BBDC converter is 
a good option. The controller part of the proposed system consists of a BBDC converter that uses the MPPT 
system by implementing P&O, FLC, and FBA methods to achieve maximum power. 


3.1. Buck-boost dc to de converter 

In order to utilize a BBDC converter, the capacitor and inductor values are determined in (2) and (3) 
[24], [25]. Equation 2 defines the inductor value of the BBDC, and (3) also defines the capacitor value of the 
converter. 


_py2 
ee VoTs(1-D) (2) 
2I0B 
= VoDTs 
c= RAV 6) 


In (2), Iog is the output boundary current, and in Equation (3), AV is the output voltage ripple. 
Figure 4 shows a schematic of a BBDC converter. According to Figure 4, a BBDC converter consists of a 
MOSFET connected to the DC sources, an inductor, a diode, and a capacitor to reduce the ripple of the 
output. 
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Figure 4. Simulation of a BBDC converter 


3.2. Maximum power point tracking (MPPT) 

The I-V characteristic of nonlinear solar arrays is affected by radiation and temperature changes, as 
mentioned earlier. An MPPT system must be created to tackle this problem. As shown in Figure 5, the BBDC 
converter is used as a power processor to match the load to the solar array and absorb as much energy as 
possible [26], [27]. According to Figure 5, an MPPT controller consists of PV arrays, a BBDC converter, and 
voltage and current measurement sensors. 
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Figure 5. Block diagram of the MPPT system 


3.3. Perturb and observe method (P&O) 

As stated in the introduction, a range of strategies and approaches can be employed to carry out the 
concept of tracking the MPP. The P&O approach is the most well-known of them [28], [29]. P&O algorithm 
can be seen in Figure 6. 
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Figure 6. P & O method, (a) P&O algorithm, and (b) P-V curve 


According to Figure 6(a), a slight perturbation AD is used to cause the PV module's power to vary. 
On a regular basis, the PV output power is measured and compared to the previous power. If the output power 
increases, the procedure is repeated; otherwise, the perturbation is reversed. As shown in Figure 6(b), when 


waters , d . ae = . ae 
utilizing the P&O method, the ratio of > equals zero at the highest power point, is positive prior to this point, 


; dp . Pisali Bu ae: eee 
and then becomes negative after that. If - is positive, it should keep going in the same direction until it hits 


zero; If it's negative, it should keep going in the other direction until it gets the intended result. When choosing 
MPPT systems, there are two main things to consider: simplicity and accuracy which are the main features of 
P&O method [30], [31]. However, this method is slow, and it generates output power oscillation around the 
operational points under a variety of conditions, such as cloudy days. 


3.4. Fuzzy logic control (FLC) 

For uniform irradiation circumstances, controller modeling is easier. However, when it comes to 
designing for the PSC, the problem becomes important since the system will be unnecessarily complicated. 
The entire tracking process must be enhanced in order to increase efficiency, particularly when tracking in 
rapidly changing weather conditions. The PV system must be mathematically modeled before the controller 
can be designed. As a result, an intelligent technique was developed that does not require the system to be 
mathematically modeled. Trackers that rely on FLC are considered to be smart because the controller achieves 
high efficiency regardless of whether the information is accurate or not [32]-[34]. This FLC has two key 
advantages over other techniques: 1) FLC is able to work without having a perfect model, and 2) the FLC 
design is solely in the hands of humans [35]. The fuzzy rules, which are one of three main components, are 
designed using human expertise. Fuzzification, fuzzy rules, and defuzzification are the three stages of the FLC 
approach in general [36]-[38]. 

The inputs for the PV system are turned into linguistic parameters during fuzzification. The main 
purpose of if-then rules is to provide linguistic variables parameters by applying human understanding [39]. 
Defuzzification is a fuzzification opposite procedure that uses mathematical relations to extract linguistic 
parameters. The FLC output is converted from a linguistic variable to a numerical variable during the 
defuzzification phase, and this is fed into the converter as an analog signal [40]. The triangle membership 
function for both the system's input and output in this system, the singleton fuzzifier, the Mamdani inference 
engine, and the average center defuzzifier were employed. The different input levels are defined in Table 3 so 
that they should fully cover the variation range. As Table 3 indicates, there are 25 fuzzy rules-based. 

Therefore, it fully covers five variables, including negative big (NB), negative small (NS), ZE (zero), 
PS (positive small), PS (positive small), PB (positive big). A thorough understanding of the behavior of the 
photovoltaic system is required to develop a fuzzy controller and select fuzzy rules. The maximum power point, 


according to Figure 6, has an important attribute of æ = 0. The points having the property of æ > 0 have the 
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voltage less than the voltage of the optimal point (MPP), and the points with the property of a < 0 have more 


than the voltage of the optimal point. The above-mentioned behavioral trait will be exploited in this paper to 
determine the maximum power point by FLC [41]. Figure 7 indicates the use of this technique for PV. For this 
purpose, the following variables are generated: 


_ Ppy (t) — Ppy (t-1) 
a= Vpy (t) - Vpy (t-1) oe 


CE(t) = E(t) -E(t—-1) (5) 


In (4) and (5), P (t) and V (t) are the instantaneous power and voltage values, respectively. In this 
paper, the fuzzy controller input E(t) and CE (t), and the output is the pulse signal. Variable E(t) represents 
the variation of power to voltage variations, and CE (t) represents the variation rate of E(t); these variables 
will be available to the fuzzy inference machine after fuzzification so that the fuzzy variable CD(t) can be 
determined, which is equal to: 


CD(t) = D(t) — DCT — 1) (6) 
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l PS Z Z PS PS PS 
if-Then PB Z Z PB PB PB 
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Figure 7. Block diagram of FLC technique 


3.5. Artificial bee colony (ABC) 

ABC is a different way, used in MPPT application and inspired by honey bees' attempts for food and 
their proper cooperation. The analogy of honey bees is implemented in the application of this approach. These 
honey bees reside in colonies and divide themselves into groups to find food. Similarly, the optimal MPP is 
found by assigning each tracking operation to its own process. Honey bees can be divided into three groups: 
employed, onlookers, and scouts. Information about the food which is gathered by the employed honey bee 
kicks off the procedure. In a systematic mathematical approach, the information is passed on to the observer 
honey bees [42], [43]. At the same time, the scouts are looking for substitute meals. No need to mention that 
each nectar source's location offers a solution to the problem. The fitness of the related solution is proportional 
to the nectar amount of the nectar source. As shown in (7), indicates the bees that match to the i’th honey source 
look for a new honey source. In addition, the corresponding hired bees become scout bees, and the scout bees 
use the (8) to find additional probable solutions. 


Vik = Xik + Piz Xiz — Xjx) (7) 
Xie = XI” + random (0,1) (X7 — x1") (8) 
Where ymin and X;"°* are the lower and upper bounds, respectively, i= 1, 2, 3, 4, 5, ..., N, d = 1, 2, 
3, 4, 5, ..., D, Pix is a random number between (-1, 1). Finally, each onlooker bee chooses a honey source 
based on probability, which is computed according to (9). 
Pi = SN, (3) 


Where f; is the adaptive value of X;, as a potential solution. The ultimate goal is to collect information 
on the most plentiful food supply. The algorithm performs better when the number of hired bees in the group 
is more abundant. This food-finding method is well-suited to PV systems, which use the right activation 
approach to find the optimum point [44]. A location of MPP is tracked much better using this technique. The 
efficiency of the ABC technique is almost 98 percent [45]. 
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4. PROPOSED METHOD 
The novelty of the proposed method is that this article proposes a combination of two separate 
approaches, including DMPPT and the intelligent Fuzzy/Bee tracking method. 


4.1. Distributed maximum power point tracking (DMPPT) 

The DMPPT approach is used to reduce the output power drop produced by PV module operation 
conditions that aren't compatible [46]. In this scenario, as shown in Figure 8, a parallel rather than a series 
connection of modules is investigated. Grid-connected inverters have a different input voltage. To generate the 
desired output power, a series of PV modules are commonly connected in series to provide an input voltage 
within the inverter's operating range, and identical strings are then connected in parallel. A system made up of 
a sequence of parallel strings will be evaluated for these reasons. Microinverters can be used to convert DC 
voltage from each module to AC power in a PV system with a smaller number of modules. The PV system 
described in this study is made up of eight strings, each with 18 modules. In this instance, string inverters are 
the optimum type of inverter. The grid-connected solar power system with distributed maximum power point 
tracking utilizing string inverters is shown in Figure 9. According to Figure 9, in the proposed DMPPT, three 
arrays are in series together, which are paralleled with other groups of three arrays to be controlled 
independently. 
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Figure 8. Distributed PV system, (a) distributed series modules (b) distributed parallel modules 
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Figure 9. Grid-connected solar power system with distributed maximum power point tracking 


4.2. Intelligent Fuzzy/Bee controller design 
By applying this optimized function to a photovoltaic (PV) system, a novel approach is created, which, 
when compared to P&O and fuzzy methods, results in a significant increase in output power. Figure 10 shows 
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the diagram of the proposed method. In fuzzy applications, fuzzy optimization is a critical topic. This paper 
proposes a fuzzy/bee control method, as can be seen in Figure 10, in order to overcome this troubling issue. In 
the proposed intelligent fuzzy/bee algorithm, the membership functions of the fuzzy method have been 
optimized with the honey bee algorithm, which causes a fast approach [47]. Based on Figure 10 and (7), (8), 
and (9), in order to assess the ABC population, the fitness function (objective function) is defined by mean 
square error (MSE), represented by (10). 


1 
NABC 


MSE/ABC = 


aC une (i) z Yreference (i)? (10) 


Where Youtpue (i) is the output in the i’th sample with a 25-rule base which covers five variables including 
negative big (NB), negative small (NS), ZE (zero), PS (positive small), and PB (positive big). In Figure 11, 
optimized membership functions have been shown. In this paper, we consider a 44kW solar PV system with 
the bee algorithm in which the number of bees is 200, and the minimum of iteration is 300. 
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Figure 10. Diagram of Fuzzy/Bee Algorithm 
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Figure 11. Fuzzy membership functions optimized with the Bee algorithm with five membership functions 


5. SIMULATION AND RESULTS 

On the basis of varied solar radiations and temperature levels, several aspects of Solar PV power 
modules are investigated. The PV system described in this study is made up of eight strings, each with 18 
modules. Furthermore, the increment-decrement step size in the P&O algorithm is 0.035. Also, the generated 
power is discussed using MATLAB Simulink. Figure 12 shows the output power of one module by simple 
MPPT using the P&O method. As it is obvious based on Figure 13, the oscillation around the operating point 
in the P&O method is high, which causes some losses and lowers the efficiency by using this technique. In 
addition, Figure 14 displays the output power of a single module using the fuzzy technique. 
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Figure 13. Oscillation around the operating point with the P&O method 
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Figure 14. Power Extraction of one module by individual MPPT with Fuzzy method 
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No need to mention that the fluctuation of power around the operating point in the fuzzy method is 
much less than the P&O method, which can be seen in Figure 15. Finally, utilizing the fuzzy/bee approach, 
Figure 16 shows the output power of a single module. According to Figure 16, the generated power is a little 
higher than the previous techniques. 


zuu + + + + t 4 
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Figure 16. Power Extraction of one module by Individual MPPT with Fuzzy/Bee method 


Therefore, in the fuzzy/bee method, fuzzy membership functions are optimized by the bee colony optimization 
algorithm so that the output power in the fuzzy/bee algorithm is more than the fuzzy method. Table 4 shows 
the extracted power of the presented solar system by three proposed methods. 


Table 4. The generated power of one module with three different methods 
P&O FLC FBA 


Generated power of each module at solar 284.97W 292.11W 296.84W 
noon 


Generated power of the whole PV system  41035.64W 42063.84W 42744.96W 
at solar noon 


The output power in the above three various methods varies, as shown in Table 4. At a steady-state, 
the highest output power for the entire system using the FBA is 296W. Due to changes in irradiance and 
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ambient temperatures, the MPP of each Photovoltaic module may be unequal. The overall efficiency of a PV 
system can suffer if each module is not handled separately. As a result, DMPPT is critical in a large solar farm. 
To counteract the effect of mismatches, the PV module must be run at multiple voltage levels in order to 
maximize the use of each Photovoltaic module. To maximize the energy recovered from each string and 
achieve high photovoltaic system efficiency, the PV strings must be operated at various voltage levels. 


6. CONCLUSION 

The purpose of this paper is to use a combination technique to increase the quantity of energy 
harvested from solar PV arrays in a grid-connected system. Due to PSC, fluctuations in sun radiation, and 
temperature variations, the MPP of a solar cell fluctuates during the day. A DMPPT is demonstrated to improve 
the total efficiency of PV systems. Also, to overcome the problem with FLC and P&O methods, the bee colony 
optimization technique is used to optimize fuzzy membership functions, increasing the speed of achieving the 
MPPs. Simulation results also demonstrate that just by using the proposed method, the output power will 
increase by around 4 % which in huge solar farm is remarkable. 
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